Optical photographs of the microstructure of as-cast strips followed by cold rolling and annealing treatment at 625°C for 1 h for steels (a) A2 (0.1 mass% P), (b) A4 (0.3 mass% P), and (c) A5 (0.7 mass% P). with river markings (indicated by the arrow) are the main feature of fracture morphology, showing that cleavage cracks may have passed grain boundaries to form crack steps. 12) Also, micro voids can be found in the fractured area in this sample. In the sample of A5 (0.7 % P), Fig. 9 (e), only typical inter-granular fracture morphology can be observed. The composition analysis by EDS shows that P has segregated at grain boundaries, Fig. 9(f) , showing the evidence that P segregation along grain boundaries was the main reason for the brittle inter-granular rupture.
Introduction
Steel is one of the most important construction materials in the world due to its competitive price and quality. However, the pollution and ecological problems related to steel production are still big concerns to the protection of our environments. Steel recycling, which has been proven to be one of the most efficient ways to solve the related environmental problems, is becoming the common technology to make steel a green material and help save more alloying elements, even though tramp elements are often included in steel during the recycling process. 1) It has been well understood that impurities such as Sn, P and Cu can have strong adverse effects on mechanical properties, especially if they segregate at grain boundaries to induce severe embrittlement. 2) In order to minimize the embrittlement problem, these tramp elements must be removed during steelmaking to ensure the steel's cleanliness on the one hand, and suitable technologies to prevent the occurrence of segregation during solidification should also be taken into consideration on the other hand.
Twin roll strip casting (TRSC) process, during which molten steel is poured into the solidification rolls to form thin strips at the cooling rate of 10 2 -10 3 K/s, is believed to be an ecological technology to recycle steel scraps with low energy consumption and low emission of CO 2 .
3) By using the TRSC technology, segregation of impurity elements is thought to be prevented to some extent due to high cooling rate during the solidification, resulting in relatively homogeneous and fine-grained microstructure, which may turn the adverse effects of some impurities such as P and Cu into positive by enhancing their solid solution strengthening and positive effects on corrosion resistance.
Nagai and co-workers carried out investigations on precipitation and segregation behaviors in low carbon steels processed by TRSC, 4, 5) which contained relatively high contents of P (0.014-0.12 mass%) and Cu (0.01-0.12 mass%), to simulate the recycling of steel scraps. In their work, they discovered that nano copper sulfides were formed during strip casting and responsible for the strengthening of cast strips. 4) The maximum tolerance of impurities such as P in steel and the influence of their segregation behaviors on mechanical properties, however, have yet to be understood in order to explore the most efficient recycling processes with the rapid cooling solidification technology. To the authors' knowledge, little work has so far been done to clarify the segregation behavior of P in the as-cast strips made of dirty steel scraps and their effects on the mechanical properties.
In the present work, we produced strips of low carbon steels containing high contents of P by using a twin roll strip caster to explore the likelihood of recycling steel scraps, utilizing low quality iron ores and maximize the positive effects of P on strengthening and corrosion resistance. Our primary accelerated corrosion testing in an environment of 0.5% NaClϩH 2 O showed that the twin roll strip cast steels with addition of the optimum amount of P could reduce the corrosion rate by about 5 times, showing their promising potential for future applications. 6) In the present paper, we concentrate on the segregation behavior of the as cast strips and its effects on mechanical properties. Strips of low carbon steels containing high contents of P and Cu have been produced by twin roll strip casting. The as-cast strips containing more than 0.1 mass% P exhibited obvious inverse surface segregation, which was difficult to be eliminated by the subsequent annealing treatments. After cold rolling and annealing treatment at 625°C for 30 min, the strip containing 0.1 mass% P exhibited similar plastic deformation and rupture behaviors with the strip containing 0.01 % P, showing no obvious deteriorating effects of P on the ductility of as-cast strip. With increasing P content in steel, more cleavage cracks, micro voids and inter-granular rapture were observed in the fractured areas after tensile testing, which are believed to have been induced by the segregation of P in as cast strips. These results provide primary guidance for recycling dirty steel scraps.
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Experimental Procedures
Low carbon steels were re-melted with FeP and Cu by using a 10 kg induction furnace to produce the compositions containing 0.3 % Cu and 0.01-0.7 % P, which were shown in Table 1 . The molten steels were poured directly from the crucible into a twin roll strip caster to form thin strips, with the solidification rolls of 450 mm in diameter and 250 mm in length being internally cooled with running water. The initial roll gap and strip casting speed were set up to be 1.0 mm and 20 m/min, respectively. Once the ascast strips left the casting rolls, they were air cooled down to room temperature.
The as-cast strips were annealed at 800°C for 1 h, and then cold rolled with a pilot reversible 2-high rolling mill for 5 passes with the total reduction of 42 %. The cold rolled strips were annealed at 625°C for 30 min to examine if the heat treatment could alter the segregation behavior. Tensile tests were carried out to measure the mechanical properties such as yield strength, tensile strength, and elongation of the strips after the annealing treatment. Microstructure characterizations of the as-cast and the cold rolled then annealed strips were performed with optical microscopy and scanning electron microscopy (SEM). The quantitative analysis of volume fraction of ferrite was carried out by using an image analysis system. The segregation of P was analyzed with electron probe micro-analysis (EPMA). Figure 1 shows optical photographs of the microstructure of as-cast strips containing different P contents. It can be seen that ferrite grains are refined with increasing P content, and the transformed fraction of ferrite increases with increasing content of P in steel, as shown in Fig. 2 , indicating that P has promoted the formation of ferrite. Figure 3 shows the XRD patterns for the as-cast strips with different P contents, from which it can be clearly noted that the peak of (121) for cementite vanishes with increasing content of P in steel. Since in the XRD patterns, Fig. 3 , the (121) peak represents the characteristic peak for cementite, the results may imply that the transformation from austenite to pearlite has been suppressed by the addition of P, in agreement with the microstructure observation in Fig. 1 . Figure 4 shows optical photographs of the microstructure of the strips after the cold rolling followed by the annealing at 625°C for 30 min. It can be seen that equixed grains of ferrite with inhomogeneous sizes have been formed after the annealing, indicating that re-crystallization has completed and grain growth after re-crystallization has taken place. Figure 5 (a) shows the distribution of P through thickness of the as-cast strips measured by EPMA. In the sample containing 0.1% P, the distribution of P is uniform through thickness with no obvious segregations having been detected by the EPMA. In the samples containing more than 0.3 % P, however, the P contents near surface region are much higher than those in the centre, indicating that inverse surface segregation of P may have been formed during the strip casting processes of the steels containing high P contents. Figure 5(b) shows the P distribution on the cross-section of sample A5 measured by EPMA, showing a typical scenario for the inverse surface segregation. Macro-inverse surface segregation in thin strips of nonferrous alloys produced by strip casting processes has been extensively investigated, 7, 8) but no work on steels has been carried out so far. To further investigate the solidification behavior of the steels containing high P contents, phase diagrams were drawn 9) to estimate the temperature range of mushy zones by using the parameters for Fe-P pseudobinary system 10) and empirical relationships given by Leslie, 11) as shown in Fig. 6 . When steel liquid solidifies within the roll gaps, dendritic structures are formed first with low melting point elements being enriched in the liquid, and shrinkage of volume takes place due to the solidification to form liquid channels between adjacent dendrites. During strip casting, the solidified segment between casting rolls is subjected to the rolling pressure, which may squeeze the liquid from centre to surface through the interdendritic liquid channels, pushing the liquid enriched in tramp elements such as P to the surface to form inverse surface segregation.
Results and Discussion

Microstructure Characterization of the As-cast Strips
Segregation of P
6) The formation of surface segregation in Fig. 5 (b) is in good agreement with this mechanism. With increasing P contents, the mushy zone widens according to the results given in Fig. 6 , resulting in wider interdendritic channels during the rapid solidification under the same strip casting conditions. Therefore, more liquid can be squeezed outside to form more inverse surface segregations, Fig. 5(a) . Figure 7 shows the distribution of P through thickness of the as-cast strips followed by cold rolling and annealing treatments. It can be seen that the segregation behavior of P does not change after the annealing treatment at relatively high temperature, indicating that the segregation can not be eliminated by heat treatments. Figure 8 shows engineering stress-engineering strain curves of the cold rolled and annealed strips measured by tensile testing. It can be seen that the strip containing 0.1 % P (A2) exhibits almost the same plastic behavior of the sample containing 0.01 % P (A1), with the same total elongation of about 19 % and ultimate strengths of 325-370 MPa, implying that no deteriorating effect of P has been exerted on its ductility, Fig. 8 . Together with the EPMA analysis, Fig. 5(a) , the results may suggest that segregation of P in strip A2 could have been prevented due to the high cooling rate during thin strip casting, and more work is still needed to clarify this point. The strips containing 0.3 % and 0.5 % P (A3 and A4) possess yield strengths of about 325 MPa but poor elongations of about 5 %. The strip containing 0.7 % P exhibits poor elongation of only 3 % and high yield strength of about 450 MPa. Figure 9 shows SEM photographs of fracture morphologies of the strips after the tensile testing. Typical "cup and cone" morphologies can be observed in the fractured areas of samples A1 and A2 with their micro-dimples having similar sizes, Figs. 9(a) and 9(b). In the sample containing 0.3 % P (A3), only small number of micro-dimples can be found in the fractured area, and laminated cleavage facets were formed during the tensile testing, Fig. 9(c) . In the sample of A4 (0.5 % P), Fig. 9(d) , cleavage fracture facets with river markings (indicated by the arrow) are the main feature of fracture morphology, showing that cleavage cracks may have passed grain boundaries to form crack steps.
Mechanical Properties and Rupture Behavior
12) Also, micro voids can be found in the fractured area in this sample. In the sample of A5 (0.7 % P), Fig. 9(e) , only typical inter-granular fracture morphology can be observed. The composition analysis by EDS shows that P has segregated at grain boundaries, Fig. 9(f) , showing the evidence that P segregation along grain boundaries was the main reason for the brittle inter-granular rupture.
With increasing the content of P in steel, atomic bonding could have been weakened to generate more cleavage cracks during the tensile testing, Fig. 8(c) . With more P having been added in steel, segregation of P along grain boundaries and inverse surface segregation took place, which has weakened grain boundaries to cause inter-granular rupture to occur, Figs. 8(f), 8(d) and 8(e). Therefore, the ductility of the strips has been severely deteriorated when the addition of P was beyond a critical content although their strengths could be increased.
Conclusion
Strips of low carbon steels containing high content of P have been made by using a twin roll strip casting process, which led to the following conclusions and might provide primary guidance for recycling dirty steel scraps.
(1) Obvious inverse surface segregations have been formed in the as cast strips containing more than 0.1 mass% P, which could not be eliminated by the subsequent annealing treatments.
(2) After cold rolling and annealing treatment, the strip containing 0.1 mass% P exhibited the same plastic and rupture behaviors with the strip containing 0.01 % P, showing no deteriorating effect of P on its ductility, and implying that segregation of P could have been prevented to some extent due to the high cooling rate during thin strip casting.
(3) More cleavage cracks, micro voids and inter-granular rapture were formed in the fractured areas with increasing P content in steel, resulting from the segregation of P in as cast strips.
